The glycation of BSA leads to protein/peptide modifications that result in the formation of AGEs. AGEs react with the amino groups of N-terminal amino acid residues, particularly arginine and lysine residues. Enhanced AGE formation exists in the blood and tissues of diabetics, as well as in aging and other disorders. The Identification of AGEs is of great importance. Mass spectrometry has been applied to identify and structurally elucidate AGEs. Here, we report on the identification of AGE-peptides and AGEprecursors based on relative mass changes as a result of specific AGE formation. 
INTRODUCTION
Advanced glycation end products (AGEs) are a heterogeneous group of proteins that have been modified with glucose or carbohydrate adducts, and arise from the nonenzymatic addition of reducing sugars to the side chains of lysine and/or arginine residues in proteins (1) . The free amino groups of the proteins react slowly with the reducing sugars, including glucose, via glycation or the Maillard reaction (2) (3) (4) . This process is initiated by condensation reactions between the reducing sugars and free amino groups to form Schiff bases, which undergo rearrangement to form relatively stable Amadori products (3, 5) . The Amadori products, through oxidation and dehydration reactions, subsequently degrade into a variety of carbonyl compounds (glyoxal, methylglyoxal, deoxyglucosones) (6, 7) . These compounds are more reactive than the parent sugars with respect to their ability to react with the protein amino groups to form cross-links, stable end products called advanced Maillard products or advanced glycation end products (1) . The exposure of proteins to high glucose levels, as observed in diabetes, and the further reaction of glucose with proteins are retained responsible for the long-term complications of this disease (8) . Chronic hyperglycemia leads to micro-and macro-vascular diabetic complications through four intracellular mechanisms, including increased polyol pathway flow (9, 10) , the activation of protein kinase C (11) , increases in the hexosamine pathway (12) , and increased AGE formation (13) . AGEs accumulate slowly in long-lived proteins such as collagen, resulting in the altered structure and properties of certain tissues such as vascular walls, the kidneys, etc. (14, 15) . This process is thought to be an important pathogenic factor for diabetes complications (16) (17) (18) (19) (20) . AGE accumulation in tissue proteins has been implicated in the pathological development of aging, diabetes, atherosclerosis, as well as in diabetes complications such as retinopathy, nephropathy, and neuropathy (21, 22) . The three main mechanisms by which AGEs cause tissue damage are: cross-link formation, interactions with specific cellular receptors, and intracellular glycation (13) .
Serum AGE concentration is recognized as a marker for monitoring the treatment of diabetic patients, especially those with renal and/or vascular complications. However, utilizing AGE measurements in clinical practice remains limited by a lack of simple and rapid analytical procedures (23, 24) . The high sensitivity and specificity of mass spectrometry and the utilization of its ionization systems for analyzing polar macromolecules are shown to be effective in the study of glycation processes (25) . The LC-MS/MS approach with electrospray ionization (ESI) has proved to be highly effective in analyzing glycated amino acids and peptides (8) . Therefore, HPLC-ESI-MS and ESI-MS/MS were used to study glycation-induced posttranslational protein/peptide modifications with the subsequent identification of AGEs and AGE-precursors. Keeping in mind the high complexity of plasma, the direct identification of AGEpeptides is certainly a difficult task. Consequently, we started from in-vitro experiments, based on the in vitro non-enzymatic glycation of BSA followed by enzymatic digestion with trypsin. Here, we report on the glycation-induced protein/peptide modifications as well as the identification of both AGE-precursors http://bmbreports.org BMB reports and AGEs by means of HPLC-ESI-MS, ESI-MS/MS, and the Mascot database, using a manual search method of analysis. This identification relied on the relative mass changes (∆ mass) due to the formation of the AGE-precursors and AGEs.
RESULTS AND DISCUSSION
The incubation of BSA with glucose is shown to induce protein modifications that eventually result in the formation of AGEs (15, 26) . Enhanced AGE formation was found to exist in the blood and tissues of diabetics as well as in various pathophysiological states, such as atherosclerosis, Alzheimer's disease, end-stage renal disease, rheumatoid arthritis, and liver cirrhosis (27) . AGEs induce chemical modifications and cross-linking of tissue proteins, affecting structure, function, and turnover, and ultimately contributing to gradual declines in tissue function and to the pathogenesis of diabetic complications. Various AGE structures such as imidazolone A and B, pyrraline, 1-alkyl-2-formyl-3,4-glycosyl-pyrrole (AFGP), crossline, carboxyethyl-lysine (CEL), carboxymethyl-lysine (CML), deoxyglucosone-derived lysine dimmer (DOLD), fructosyl-lysine (FL), glyoxalderived lysine dimmer (GOLD), methylglyoxal-derived lysine dimmer (MOLD), and pentosidine were detected in the cellular and extracellular proteins of physiological systems (23, 28, 29) . The identification of AGEs based on their relative mass changes (∆ mass) was previously reported (30) . We undertook this study to investigate glycation-induced protein/peptide modification with subsequent AGE formation originating from the enzymatic digestion (trypsin) of glycated BSA. Briefly, control BSA and BSA treated with D-glucose (1.0 and 2.5 M) were digested with trypsin. The reason for choosing these high glucose concentrations, which are quite different from physiological levels, was to enhance the yield of glycation with subsequent AGE formation. Digestion was completed without any derivatization of the sulfhydryl groups, to remain as close as possible to the conditions present at the systemic level. The digestion mixtures of BSA (control) were analyzed using LC-ESI/MS and ESI-MS/MS experiments with incubation for 0 days, whereas the LC-ESI/MS experiments were performed to analyze the glycated BSA incubated for 14 and 28 days. The MS/MS data of the control BSA (0 days incubation) were exported to the online Mascot database in order to rationalize the data and to identify the various peptides and their amino acid sequences in the online database ( Fig. 1 ). For the control BSA digested with trypsin, a total of 27 peptides and their amino acid sequences were matched in the online database search query (Table 1) . Mass increments of 58.03, 108.02, 144.03, 142.03, 162.02, and 270.07 were reported for the formation of N ὲ -(carboxymethyl)-lysine (CML), pyrraline, imidazolone A, imidazolone B, Schiff bases or Amadori products (AP), and 1-alkyl-2-formyl-3,4-glycosyl-pyrrole (AFGP), respectively (30) . A data set of theoretical peptide masses was generated by simply adding the corresponding mass increments for these specified AGEs and AGE precursors to the known peptides of the non-glycated control BSA (Table 1) . These theoretical peptide masses corresponded to the formation of the respective AGEs. A thorough manual search to compare these theoretical masses with the HPLC-ESIMS experimental data was conducted in both the glycated and control (non-glycated) BSA samples. The LC-MS parameters to edit the chromatograms for this manual search of the experimental data (HPLC-ESIMS) were: (1) (5) background: none. The ∆ m/z that corresponded to any of the specified AGE formations was carefully examined in the chromatograms and spectra of both the control and glycated BSA samples. In this manner, the glycation-induced formation of five AGEs was observed via the cross-linking with seven peptides (two for CML, two for pyrraline, one each for imidazolone A and B, and one for AGFP). Similarly, four glycated peptides were identified in the formation of AGE-precursors (Schiff base or AP). The degrees of incidence for these identified AGEs and AGE-precursors (Schiff base and AP), as a function of glucose concentration and incubation time, are given in Table 2 , where '-' stands for absence and '+' for presence. An increasing number of '+' stands for increasing peak intensity as observed in the various glycated BSA samples.
Identification of CML
Carboxymethyl-lysine (CML), a glyco-oxidation product, was structurally characterized. CML is not reactive and not fluorescent, and derives from the oxidative degradation of Amadori products (31) . CML and pentosidine are present within the collagen of diabetic subjects, where high levels were correlated with retinopathy and nephropathy (32 (Table 2 ). This indicates that CML formation was dependent on both the glucose concentration and incubation time, and therefore, supports the pre-existing hypothesis that both the process of glycation and subsequent AGE formation are reactant concentration and reaction time dependent. CML formation is characterized by peptide crosslinking at lysine or histidine residues; therefore, the two glycated peptides (RHPYFYAPELLYYANK and HLVDEPQN LIK) identified for CML formation were expected to have undergone crosslinking at their lysine (K) or histidine (H) residues.
Identification of pyrraline
Pyrraline has been identified as an advanced glycation end product both in vitro and in vivo. Higher levels of pyrraline were found in the urine of diabetics than in that of control subjects by an HPLC method (31) . Two peptides (m/z 768.37 and 808.1) were identified for crosslinking and the subsequent formation of pyrraline in the glycated samples. A m/z at 808.1 was detected in the EIC and mass spectra of the glycated BSA (2.5 M D-glucose) incubated for 28 days, but was absent in the EIC of the control BSA and the BSA incubated for 14 days with 2.5 M D-glucose. The m/z of 808.1 corresponded to the peptide TVMENFVAFVDK (a. a. 569 -580) plus pyrraline (+108.02). Similarly, a second modified peptide TPVSEK (m/z 768.0) was only present in the glycated BSA (1.0 and 2.5 M D-glucose) incubated for 28 days, and was absent in the control BSA as well as the glycated BSA (1.0 and 2.5 M D-glucose) incubated for 14 days (Table 2) . Pyrraline-peptide crosslinkages also occur at either lysine or histidine residues. However, crosslinking was expected to have occurred at the lysine residue (K) of the two glycated peptides ( and TPVSEK), as both peptides lack a histidine residue.
Identification of AFGP
The search for glycation-induced peptide modifications with subsequent AFGP formation only exposed one peptide (m/z 951.9). An m/z at 951.9 was observed in the EIC and mass spectra of the glycated (1.0 M D-glucose) BSA samples incubated for 14 and 28 days, respectively, but it was absent in the EIC of the control BSA. The m/z of 951.9 corresponded to the peptide SLHTLFGDELCK (a. a. 89 -100) plus AFGP (+144.03). Similar to CML and pyrraline, AFGP also forms crosslinkages at lysine or histidine residues; therefore, the likely site for crosslinking was either the histidine (H) or lysine residue (K).
Identification of imidazolone A
Imidazolone A is formed upon the reaction of the sugar degradation product 3-deoxyglucosone with an arginine side chain. A data search on the glycated BSA revealed only one peptide (LGEYGFQNALIVR) for glycation-induced peptide modification and crosslinking, with subsequent imidazolone A formation. A m/z at 884.5 was found in the EIC and mass spectra of the glycated BSA (2.5 M D-glucose) incubated for 28 days, but was absent in the EIC of both the control and glycated BSA (2.5 M D-glucose) incubated for 14 days ( Table 2) . The m/z of 884.71 http://bmbreports.org corresponded to the peptide LGEYGFQNALIVR (a. a. 421 -433) plus imidazolone A (+144.03). The peptide (LGEYGFQN ALIVR) was expected to be derived from a crosslinkage at the arginine residue (R).
Identification of imidazolone B
The search to identify imidazolone B formation with subsequent crosslinking among the glycated ( The m/z at 790.9 was prominent in the EIC and mass spectra of the glycated BSA (2.5 M D-glucose) incubated for 28 days, but was absent in the EIC of the control BSA and glycated BSA (2.5 M D-glucose) incubated for 14 days. Similar to imidazolone A, imidazolone B formation and subsequent crosslinkage occurs at arginine residues; therefore, the glycated peptide (IETMR) was expected to have undergone crosslinking at the arginine residue (R).
Identification of schiff base or amadori products
Amadori-albumin, a major glycated protein, was shown to be involved in experimental hyperglycemia-induced microvascular complications (33, 34) , and is associated with early and advanced nephropathy and early retinopathy status in Type 1 diabetic patients (35) . (Table  2 ). These findings confirm that Schiff bases and APs are formed as early glycation products. Similarly, two glycated peptides (IETMR and HLVDEPQNLIK) were found to first form as AGE precursors, and then later to convert into imidazolone B and CML, respectively. Structural isomers such as Schiff bases and Amadori products can not be distinguished with LC-MS; therefore, the single glycated peptide observed for both the Schiff bases and Amadori products indicates the formation of any one of the two. However, Schiff bases are quite labile and undergo rearrangement to form relatively stable Amadori products. Thus, the glycated peptides were anticipated to be Amadori products. A total of nine modified peptides (FPK, ECCDKPLLEK, IETMR, HLVDEPQNLIK, TPVSEK, TVMENFVAFVDK, RHPYFYAPELLY YANK, SLHTLFGDELCK, and LGEYGFQNALIVR) were identified for the formation of CML, pyrraline, AFGP, imidazolones A and B, as well as AGE-precursors (Schiff bases or APs). The HPLC-ESIMS experiments were performed to analyze glycated BSA samples incubated for 14 and 28 days; therefore, site-localizations for lysine (K) and histidine (H) could not be established for the formation of CML, pyrraline, and AFGP. In most cases, AGE formation was predominantly observed in the 28 day-old incubated samples glycated with 1.0 and 2.5 M D-glucose, respectively. On the other hand, early glycation products (Schiff bases or APs) were identified in the 14 day-old incubated samples, which support the hypothesis that glycation-induced AGE formation is both glucose concentration and incubation time dependent.
For the first time we are reporting the identification of five AGEs and four AGE precursors (Schiff bases or APs) in glycated samples of BSA by a new approach; although it was laborious and time consuming, it allowed for a comprehensive analysis of glycation-induced protein/peptide modifications with subsequent identification of AGE formation. We believe that manual searches to identify AGEs within control and glycated samples, based on relative mass changes due to corresponding AGE formation, is simple, economical, and more reliable, as each and every peptide is analyzed individually, which can not be claimed for algorithm or mathematical model based methods. Keeping in mind the importance of AGEs from a pathophysiological standpoint, this relatively simple method will help in dealing with the vast data generated (by mass spectrometry) for the identification of AGE-peptides and other post translational protein/peptide modifications. We expect that the strategy employed in this in-vitro study for identifying AGEs and AGE precursor formation will provide a foundation for the identification of AGEs within in-vivo study models of diabetes and its associated complications, as well as in aging, atherosclerosis, and various other pathophysiological conditions.
MATERIALS AND METHODS
All reagents and solvents were used as purchased without further purification. BSA was purchased from Merck, Germany. Trypsin, glucose, dithiothreitol (DTT), and trifluoroacetic acid (TFA) were purchased from Sigma Chemical Co, USA. HPLC grade acetonitrile was purchased from Fisher Scientific, New Jersey, USA. All other materials were purchased locally. http://bmbreports.org BMB reports
Glycation of bovine serum albumin
Bovine serum albumin (BSA) was incubated with different concentrations of glucose using the procedure of Lapolla, et al., 2004 , with slight modifications. Briefly, pure, defatted BSA (100 mg/ml in 0.01 M phosphate buffer, pH 7.4) containing 5 mM toluene (as a bacteriostatic) was incubated with 1.0 and 2.5 M glucose at 37 o C for 0, 14, and 28 days. After incubation, the BSA was separated from the solution by extensive dialysis against 0.001 M phosphate buffer (MW cut-off 10,000 Da), and finally lyophilized and stored at -75 o C. A control BSA was incubated under the same conditions without the addition of glucose.
Tryptic digestion
One milligram of BSA was dissolved in 1.3 ml of 50 mM NH4HCO3 buffer solution (pH 8.3). After the addition of 15 μl of a solution of 45mM dithiothreitol, the mixture was heated at 50 o C for 15 min, followed by incubation with trypsin (200 μl of a 100 ng/μl solution, substrate to enzyme ratio = 50:1 w/w) for 24 hours at 37 o C. The reaction was stopped with the addition of 80 μl of 10% TFA.
Chromatographic analysis
The chromatographic separation was carried out using HPLC (Agilent Technologies) coupled with quadruple trap mass-spectrometry. After digestion with trypsin, the digests were diluted 1:1 with 50% acetonitrile solution containing 0.1% TFA. The chromatographic separation was brought about by injecting 40 μl of the sample solution into a Vydac protein and peptide C18 column (particle size 5 um, 250 × 4.6 mm i.d.) (W.R. Grace & Co., USA). Solvent A consisted of distilled water with 0.1% TFA, and solvent B was comprised of acetonitrile with 0.1% TFA. The gradient profile for solvent B was as follows: 15%, 1 min; 15-45%, 33 min; 45%, 5 min; 45-95%, 10 min; 95%, 15 min. Elution was carried out at a flow rate of 0.2 ml/min.
Mass spectrometric analysis
The mass spectrometric analyses (ESI-MS and ESI-MS/MS) were performed on an Agilent 1100 LC/MSD Trap (Agilent Technologies) operating in positive ion mode. The instrumental parameters were: a nebulizer pressure of 25 psi, auxiliary gas flow at 8 ml/min, an auxiliary gas temperature of 310 o C, a capillary voltage of 3.5 kV, and a skimmer voltage of 5 V. The MS and MS/MS analyses were performed favoring the fragmentation of doubly charged ions.
Peptide sequences
The peptide sequence of the control BSA digested with trypsin was matched in an online database search query by exporting the MS/MS data of the control BSA to the online Mascot database (http://www.matrixscience.com/).
